Introduction
Since 1918, four influenza pandemics have struck the globe. Following the 1957 and 1968 pandemics, the world witnessed its fourth pandemic in 2009, which resulted in an estimated 284,500 respiratory and cardiovascular deaths, worldwide (Dawood et al., 2012) . The danger of yet another influenza pandemic continues to loom threateningly, and it is often quoted that it is not a question of "if, but when" (Allen, 2006) , the next pandemic will strike. Furthermore, as a seasonal event, influenza virus strikes each year, and typically results in up to 0.5 million deaths worldwide (WHO, 2014) . To prevent these devastating events there is an urgent need to develop a universal influenza vaccine, which can provide broad cross protection against different influenza A subtypes.
Influenza virus is an enveloped virus containing two major membrane glycoproteins, hemagglutinin (HA) and neuraminidase (NA). HA allows the virus to infect cells through interaction with sialic-acid residues on receptors, and NA is a receptor-destroying enzyme that enables the virus to escape from infected cells to spread infection (Gamblin and Skehel, 2010) . Current influenza vaccines rely on HA and NA as antigens to induce neutralizing antibodies, which inhibit virus infection and replication in humans. However, these antibodies are stimulated mostly against the immunodominant epitopes of HA, and these epitopes are highly variable between different influenza strains (Krammer et al., 2015) . As a result existing vaccines are only protective against influenza strains included in the vaccine and offer poor to no protection against other strains. The situation gets more complicated because new variants of influenza virus emerge each year due to antigenic shift and drift, which forces reformulation of the influenza vaccine every year (Subbarao et al., 2006) .
To develop a universal influenza vaccine, conserved sequences that are shared by different influenza viruses must be used as vaccine antigens. In addition to HA and NA, the influenza virus surface contains a third membrane protein called the ion channel membrane matrix protein 2 (M2) (Holsinger and Alams, 1991; Lamb et al., 1985; Schnell and Chou, 2008) . The 23 amino acid extracellular domain of M2 (M2e) has remained fairly conserved since the 1918 influenza outbreak (Reid et al., 2002) , and thus it is an attractive target to develop a universal influenza A vaccine. However, a major challenge in developing a vaccine based on M2e is that M2 naturally occurs in very small numbers on the virus surface (about 16e20 molecules per virion) (Holsinger and Alams, 1991; Lamb et al., 1985) and is poorly immunogenic. To enhance the immunogenicity of M2e various approaches have been employed including fusion of M2e to different carriers such as hepatitis B virus core protein (Neirynck et al., 1999) , bacteriallyderived outer membrane vesicles (Rappazzo et al., 2016) , viruslike particles Wang et al., 2012) , through attachment to flagellin domains (Wang et al., 2014) or elastin-like polypeptides (Ingrole et al., 2014) , and use of nanoparticles with soluble antigens (Seth et al., 2015; Wibowo et al., 2014) .
We recently demonstrated that attachment of the consensus M2e peptide to gold nanoparticles (AuNPs) can significantly enhance M2e immunogenicity, and that intranasal (i.n.) delivery of M2e-conjugated AuNPs (AuNP-M2e) with soluble CpG (sCpG) as an adjuvant (AuNP-M2e þ sCpG) can completely protect mice from a lethal challenge with influenza A/PR/8/34 (H1N1) (Tao and Gill, 2015; Tao et al., 2014) . In the present study we sought to further investigate whether this vaccine formulation can offer protection against a broader spectrum of influenza A subtypes, including the A/California/04/2009 (H1N1) pandemic strain, A/Victoria/3/75 (H3N2), and the highly pathogenic avian influenza virus A/Vietnam/1203/2004 (H5N1), and to characterize the mucosal immune response generated by the vaccine.
Materials and methods

Chemicals
Gold (III) chloride trihydrate (520918-5G), trisodium citrate dihydrate (S1804-500G), phosphate-citrate buffer tablet (P4809-50TAB) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Tween 20 (BP337-100) was purchased from Fisher Scientific (Waltham, MA, USA). O-Phenylenediamine (OPD) (00e2003) was obtained from Life Technologies (Carlsbad, CA, USA). Milli-Q water with resistance of 18.2 MU$cm was used in all the experiments.
Peptides, antibodies and oligonucleotides
Consensus
M2e peptide (acetylated-SLLTE-VETPIRNEWGSRSNDSSDC-amidated, MW: 2736 Da) was chemically synthesized by AAPPTec (Louisville, KY, USA). Underlined serines (S) are intentional substitutions of native cysteine to serine. CpG oligodeoxynucleotide (ODN) 1826 VacciGrade™ (5 0 -TCCAT-GACGTTCCTGACGTT-3 0 ) was purchased from InvivoGen (San Diego, CA, USA). Alexa-Fluor 488-labeled anti-mouse IgG antibody was obtained from Life Technologies (Carlsbad, CA, USA). All other secondary antibodies were purchased from Southern Biotech (Birmingham, AL, USA).
Animals
Six to eight week old female BALB/c mice were obtained from Charles River Laboratories. All animal treatments were performed according to Utah State University and Texas Tech University Animal Care and Use Committee (IACUC) approved procedures. Appropriate safety and operational procedures were followed for both BSLs.
Viruses
Vaccine formulation and immunization schedule
AuNPs with a diameter of 12 nm were synthesized as described by the Turkevich method (Kimling et al., 2006; Tkachenko et al., 2005) of reduction of gold (III) chloride trihydrate (HAuCl 4 $3H2O) with trisodium citrate dihydrate (Na 3 C 6 H 5 O 7 $2H 2 O). Tween 20 (0.1 v/v%) was added into AuNP suspension to improve the stability of AuNPs. Vaccine dose containing M2e and sCpG was prepared as described previously . Briefly, tween (0.1 v/v%) was added to synthesized AuNPs, they were centrifuged to remove excess supernatant, and M2e was added dropwise. After overnight equilibration, CpG was added.
All vaccinated mice received 8.2 mg M2e, 60 mg AuNPs and 20 mg sCpG per animal. As shown in our previous study , out of the 8.2 mg M2e approximately 1.25 mg of M2e is bound to AuNPs while the remaining M2e is present in soluble form. CpG is present in soluble form (sCpG) and is not attached to AuNPs.
All formulations were administered in a volume of 25 ml given dropwise to the nares at day 0 and was repeated (boosted) at day 21.
Influenza virus challenge experiment
The virus challenge study for each influenza A strain contained two groups of mice (vaccinated and placebo, n ¼ 12 or 13 per group). Vaccinated mice received the vaccine as described above, while the placebo group received sterile saline solution. Blood was collected through cheek bleed at days 0, 21, and 42. The collected sera was processed and stored at À20 C until analysis.
Mice were anesthetized by intraperitoneal (i.p.) injection of ketamine/xylazine (50 mg/kg//5 mg/kg) prior to challenge by the intranasal route with 3xLD 50 Mice were weighed prior to virus challenge and then every other day thereafter to assess the effects of vaccination on ameliorating weight loss due to virus infection. All mice were also observed for morbidity and mortality through day 19 post-challenge. Death was used as the experimental end point.
ELISAs
M2e-specific antibodies generated by immunized mice were measured by ELISA as described before (Tao and Gill, 2015) . Briefly, ninety-six well plates (Maxisorp, Nunc) were coated overnight with M2e peptide in phosphate buffered saline (PBS). After blocking with bovine serum albumin, serum from individual mice at 1:1600 dilution was added to the wells. Horseradish peroxidase (HRP)-labeled goat anti-mouse IgG antibody was used to detect mouse IgG antibody. Color was developed with OPD as a substrate, the reaction was stopped with phosphoric acid, and absorbance at 492 nm was recorded with SpectraMax Plus384 microplate reader (Molecular Devices LLC., CA, USA). Serum dilution of 1:1600 was selected for total IgG analysis because in two previous studies we have shown that this dilution falls in the linear range of serum dilution curves of mice vaccinated with the same vaccine formulation at the same schedule (Tao and Gill, 2015; Tao et al., 2014) .
For measurement of IgG1 and IgG2a subtypes, the above procedure was repeated by using serum of mice diluted to 1:1600, and by using HRP-labeled anti-mouse IgG1 and anti-mouse IgG2a secondary antibodies. We chose 1:1600 serum dilution for IgG1 and IgG2a analysis based on our previous study .
Measurement of local mucosal immune responses
To measure local mucosal and cellular immune responses, a cohort of mice with two groups (vaccinated and naive, n ¼ 5 per group) was vaccinated on days 0 and 21, and on day 42, nasal and lung washes were collected to measure local IgG and IgA antibodies. A dilution of 512 and 64 was selected to determine antiM2e IgG and IgA antibodies, respectively, because these dilutions lie in the linear range of both nasal and lung wash dilution curves (supplementary data, Fig. S1 ). HRP-conjugated anti-mouse IgG and anti-mouse IgA secondary antibodies were used (Southern Biotech, Birmingham, AL, USA). Spleen, lung and bone marrow of these mice were used to prepare single cell suspensions, which were used to analyze cytokine and chemokine production after in vitro stimulation of the cells with the vaccine formulation.
Measurement of B cells and cytokines/chemokines
In another experiment, mice (n ¼ 5 per group) were vaccinated on day 0 and day 21, and 10 days later (day 31), single cell suspensions from their lung, spleen and bone marrow were used to examine B cell populations using flow cytometry to determine if any differences existed between the local (lung) and distal (spleen and bone marrow) organs. Naïve mice (n ¼ 5 per group) were used as controls.
Single cell suspensions from lung, spleen, and bone marrow were obtained by passing tissue pieces through a 40-mm mesh filter for mechanical cell dissociation. Lymphocytes from lung were enriched by density-gradient centrifugation with Nycodenz™ 1.077 (Cosmo Bio USA, Inc., CA, USA).
Isolated cells were cultured in triplicates at a concentration of 1 Â 10 6 cells per well in a 96 well plate for 72 h at 37 C with 5% CO 2 with either 3.25 mg/ml of M2e, 24 mg/ml of AuNPs, or 5 mg/ml of concanavalin A (positive control), all in RPMI media supplemented with 10% heat-inactivated fetal calf serum and penicillinstreptomycin antibiotics. The RPMI culture media was used as the negative control. Supernatant of cultured cells were collected after 72 h of culture for cytokine and chemokine analysis using a chemiluminescent ELISA-based assay according to the manufacturer's instructions (Quansys Biosciences Q-Plex™ Array, Logan, UT). Each supernatant was tested for the following: interleukin-1a (IL-1a), IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-17, monocyte chemoattractant protein-1 (MCP-1), gamma interferon (IFN-g), tumor necrosis factor alpha (TNFa), macrophage inflammatory protein-1a (MIP-1a), granulocyte macrophage colony stimulating factor (GM-CSF), and regulated upon activation, normal T cell expressed and secreted (RANTES). Cytokine and chemokine titers are reported in pg/ml. Cell surface staining of single cell suspensions was analyzed with flow cytometry using the following antibodies: PE-CF594 antimouse CD45 (30-F11; BD), Brilliant Violet 711 anti-mouse CD3 (17A2, Biolegend), Alexa Fluor 488 anti-mouse CD19 (6D5; Biolegend), Brilliant Violet 605 anti-mouse CD86 (GL-1, Biolegend) and Alexa Fluor 700 anti-mouseB220 (RA3-6B2, Biolegend). Samples were acquired using LSRFortessa (BD) and analyzed with FlowJo software. Following incubation for 24 h, the infected MDCK cells were washed twice with PBS, and then fixed by the addition of cold 70% acetone. The monolayers were fixed to the plates by incubation with acetone at room temperature for 20 min. After fixation, the plates were rinsed once with PBS. After acetone fixation and washing, the 96-well plates were sealed with parafilm and stored at 4 C until use. Likewise, uninfected MDCK cells were also acetone fixed. Plates were used within 72 h of fixation.
Immunofluorescence antibody assay (IFA)
Acetone-fixed, infected and un-infected MDCK cells were blocked with 100 ml of 1% BSA-PBS for 2 h at room temperature. After blocking, 50 ml pooled sera (1:50 dilution in 0.1% BSA-PBST) was added to wells, plates were incubated for 1 h at room temperature, washed with PBST, 50 ml Alexa-Fluor 488-labeled secondary antibody (10 mg/ml) was added into wells and incubated for 1 h at room temperature. The plates were then washed with PBST three times and fluorescence was visualized using Nikon TI-FL microscope (Nikon, Melville, NY, USA).
ELISA using infected MDCK cells
Acetone-fixed, infected and un-infected MDCK cells were blocked with 100 ml 1% BSA-PBS for 2 h at room temperature. After blocking, 50 ml pooled sera (1:200 dilution in 0.1% BSA-PBST) was added to wells and plates were incubated for 1 h. Then plates were incubated with 50 ml of 1:4000 dilution of horseradish peroxidase (HRP)-labeled anti-mouse IgG antibody for 1 h. Plates were washed three times with PBST between each step using the microplate washer. Color was developed by adding OPD substrate for 10 min.
Then reaction was terminated by adding 50 ml of 3 M phosphoric acid. Absorbance at 492 nm was recorded using a microplate reader.
Statistical analysis
All statistical analyses were performed using GraphPad Prism for windows, version 6.0 (GraphPad Software, Inc., La Jolla, CA).
Comparison of antibody and cytokine titers between groups of mice was performed with two-way analysis of variance (ANOVA) and a Bonferroni test at a value of p < 0.05 for statistical significance. Kaplan-Meier survival curves were generated and compared by the Log-rank (Mantel-Cox) test followed by pairwise comparison using the Gehan-Breslow-Wilcoxon test. The mean body weights were analyzed by analysis of variance (ANOVA) followed by Tukey's multiple comparison test.
Results
Design strategy for AuNP-M2e þ sCpG vaccine formulation
It has been shown in several studies that M2e by itself is a poor immunogen (De Filette et al., 2008; Li et al., 2011) . Thus, we sought to enhance the immunogenicity of M2e by creating a particle comprising of a AuNP core with M2e attached to its surface. Gold enables use of a simple one-step mixing process to attach M2e to its surface by exploiting the 'gold-thiol' chemistry, eliminating the need for multi-step conjugation and purification procedures. To exploit the 'gold-thiol' chemistry for attachment of M2e to the AuNP surface, an extra cysteine residue was added to the M2e sequence at its 'C' terminus (acetylated-SLLTEVETPIRNEWGSRSNDSSDC * -amidated; C * : cysteine added to help attach M2e to AuNPs). The 'thiol' in the side-chain of cysteine can allow M2e to bind to the AuNP surface upon simple mixing of M2e in an aqueous AuNP solution. We also changed the two internal cysteines to serines (underlined) to prevent aggregation of gold nanoparticles during vaccine formulation. This substitution has previously been shown to not impair the ability of monoclonal antibodies raised against M2e with cysteines to bind to it (Mozdzanowska et al., 2003) . We also included sCpG as a soluble adjuvant to further stimulate the innate immune system. sCpG is a short synthetic DNA molecule rich in CG motifs that can stimulate toll-like receptor 9 (TLR 9) (Zabel et al., 2013) . The schematic of this nanoparticle-based vaccine is shown in Fig. 1A .
3.2. Stimulation of M2e-specific antibodies in mouse serum by AuNP-M2e þ sCpG
In our previous study we had demonstrated that intranasal vaccination with AuNP-M2e þ sCpG stimulates strong M2e-specific IgG response in serum after two doses . In the present study mice were immunized with AuNP-M2e þ sCpG following the same vaccination schedule (shown in Fig. 1B) . It can be seen from Fig. 1C that after two doses there is a significant increase in anti-M2e serum IgG antibodies (p < 0.001), and all mice responded to the vaccine (mean optical density (OD) of 2.25 ± 0.76), indicating good reproducibility. It has previously been shown that upon vaccination with M2e, protection against influenza challenge correlates with levels of IgG2a subtype (El Bakkouri et al., 2011) . Thus, we evaluated the relative proportion of IgG1 and IgG2a, and found that AuNP-M2e þ sCpG vaccine stimulates both IgG1 and IgG2a response (Fig. 1D) . The ratio of the mean OD values of IgG1 to IgG2a was 1.2 at a serum dilution of 1:1600, which was in the linear range for both antibodies. To validate that OD values can be used to compare the relative amounts of IgG1 and IgG2a we performed ELISAs with plates coated with purified mouse IgG1 and IgG2a. Fig. S2 (supplementary data) shows that when plates are coated with purified mouse IgG1 or IgG2a, and then detected with secondary anti-IgG1 or anti-IgG2a Abs, similar OD values are obtained. Further, insignificant cross-reactivity between anti-IgG1 and IgG2a, or anti-IgG2a and IgG1 antibodies was observed.
Stimulation of M2e-specific antibodies in nasal and lung washes by AuNP-M2e þ sCpG
Mucosal immunity is important for antiviral immunity against influenza virus. In order to evaluate whether i.n. immunization with AuNP-M2e þ sCpG vaccine could induce mucosal antibody response, M2e-specfic IgG and IgA antibodies from nasal and lung washes before challenge were measured using ELISA. As shown in Fig. 2A , significantly higher levels of anti-M2e IgG were observed in lung washes compared to naïve mice, while in nasal washes anti- M2e IgG was not significantly enhanced. Importantly though, significant enhancement in anti-M2e IgA was seen in both nasal and lung washes in the vaccinated group compared to the naïve mice (p < 0.001) (Fig. 2B) .
Determination of M2e specific cellular responses
The immune response generated in mice upon i.n. immunization with the AuNP-M2e þ sCpG vaccine was further characterized by measuring ex vivo cytokine production from splenocytes, bone marrow cells, and lung cells after stimulation with the M2e peptide. As described in the method section, a total of 16 cytokine were tested. The splenocytes (Fig. 3AeE ) of vaccinated mice as compared to naïve mice exhibited a significant increase in cytokine levels for IL-1a, IL-2, IL-17, TNFa and RANTES after ex vivo stimulation with the M2e peptide but not after AuNP or media-alone stimulation. Similarly, increase in IL-17 secretion was seen for bone marrow cells, and IL-2 secretion for lung cells of vaccinated mice after stimulation with M2e ( Fig. 3F and G) . Other cytokines did not exhibit a statistically significant change between vaccinated and naïve mice.
Assessment of B cells in the lung, spleen, and bone marrow of vaccinated mice
To examine the effect of AuNP-M2e þ sCpG vaccination on lung B cells in comparison to B cells in organs not directly exposed to the vaccine, single cell suspensions of the lung, spleen, and bone marrow were generated ten days after the last vaccination, and then incubated in vitro with media alone or AuNP-M2e for 72 h. The study included two groups of mice (vaccinated and naive, n ¼ 5 per group). In each sample, the B cell frequency, and the B cell activation status was assessed using flow cytometry. The B cell activation status was determined by measurement of CD86 expression, which is a potent costimulatory molecule that is induced on antigen presenting cells upon their activation (Sharpe, 2009) . As expected, after re-stimulation with M2e, B cell numbers increased in lung cells of mice vaccinated with AuNP-M2e þ sCpG, compared to naïve controls (Fig. 4A) , however, no differences in B cell frequency were observed in spleen or bone marrow derived cells of vaccinated vs. naïve control mice. In addition, a subset (about 10%) of AuNP-M2e re-stimulated lung B cells upregulated the costimulatory molecule CD86 (B7.2), while B cells stimulated with media-only did not. This upregulation was seen only if the cells were isolated from the lungs of previously AuNP-M2e þ sCpG vaccinated animals but not naïve mice (Fig. 4B) . Altogether, this data demonstrates that the frequency of lung B cells increases in BALB/c mice upon intranasal vaccination with AuNP-M2e þ sCpG, and that an enhanced percentage of M2e-specific B cells from the lungs of AuNP-M2e þ sCpG vaccinated donor mice respond rapidly to in vitro AuNP-M2e restimulation. As BALB/c mice are polyclonal, the expected frequency of M2e-responsive B cells is low, but should increase slightly after vaccination, which is what we observe.
Serum IgG induced by AuNP-M2e þ sCpG can bind M2 on influenza-infected MDCK cells
Homotetrameric M2 protein is incorporated only in small numbers in influenza virions (Holsinger and Alams, 1991; Lamb et al., 1985) , but is expressed in larger numbers on cells infected with the influenza virus (Lamb et al., 1985) . Anti-M2e antibodies have been shown to not prevent infection in vitro, but to only reduce plaque formation for some but not all influenza strains (Zebedee and Lamb, 1988) . It has been suggested that the binding of anti-M2e antibodies to M2 on infected cells and not mature influenza virions potentiates the protective effect from M2e-based vaccination. Accordingly, we examined the ability of anti-M2e antibodies to bind M2 expressed on virus-infected cells using IFA and ELISA.
3.6.1. IFA using MDCK-infected cells (Fig. 6A) . A comparison between the amino acid sequences of M2e used as a vaccine, the consensus M2e sequence, and M2e found on the three different influenza strains is given in Fig. 6B . The M2e sequences of A/California/04/2009 (H1N1pdm), A/Victoria/3/ 75(H3N2), and A/Vietnam/1203/2004 (H5N1) differ from our M2e vaccine sequence by four, one, and three residues, respectively, in addition to the purposeful modifications we made to consensus M2e (cysteine to serine changes and inclusion of C-terminal cysteine). Despite these differences, the antibodies stimulated by the AuNP-M2e þ sCpG vaccine could recognize M2 of these three viruses expressed on infected MDCK cells. The following survival rates were observed (Fig. 7) : 100% (12/12 vaccinated mice) vs 38% (5/13 placebo mice, p < 0.01) for A/California/04/2009 (H1N1pdm) challenge; 92% (12/13 vaccinated mice) vs 15% (2/13 placebo mice, p < 0.01) for A/Victoria/3/75 (H3N2) challenge; and 100% (12/12 vaccinated mice) vs 33% (4/12 placebo mice, p < 0.001) for A/Vietnam/1203/2004 (H5N1) challenge. Both vaccinated and placebo mice exhibited weight loss after virus challenge. However, while the vaccinated mice recovered their body weight, the placebo mice that had survived the challenge continued to have significantly lower body weight 19 days post challenge (Fig. 7) . Thus, the AuNP-M2e þ sCpG vaccine administered intranasally could protect mice against three different influenza A subtypes.
Discussion
We have previously seen that the survival rate of mice vaccinated with AuNP-M2e þ sCpG upon challenge with approximately 5xLD 50 of influenza A/PR/8/34 (H1N1) was 100% . Encouraged with these findings, we performed the current study to investigate whether AuNP-M2e þ sCpG could provide protection against other influenza virus subtypes. To provide a stringent test for the effectiveness of AuNP-M2e þ sCpG as a universal influenza A vaccine, we decided to include the 2009 pandemic strain A/California/04/2009 (H1N1pdm), the A/Victoria/3/75 (H3N2) strain, and the highly pathogenic avian influenza strain A/Vietnam/1203/2004 (H5N1), which has been implicated as a potential pandemic threat (Peiris et al., 2007) .
In our previous publication we had demonstrated that M2e alone or M2e mixed with sCpG elicited a poor anti-M2e IgG response, while M2e attached to AuNPs (but without sCpG) induced a moderate immune response with partial protection . We also observed that only when M2e was attached to AuNPs, and sCpG was included as an adjuvant did a robust and protective immune response get generated. Similarly, in the current study, we found that intranasal immunization with AuNPM2e þ sCpG induced robust systemic M2e specific IgG antibody response. The IgG1 to IgG2a ratio was found to be 1.2, which is within the range of 0.33e2 observed in other studies. These studies have used different carriers for M2e and deliver the vaccines via different routes (intramuscular, intranasal, subcutaneous or microneedle patch) (Kim et al., 2013; Rappazzo et al., 2016; Wang et al., 2013 Wang et al., , 2014 . The intranasal vaccination also promoted local production of IgG in lungs and IgA antibodies in nasal and lung washes of mice. Similar results have also been previously reported wherein mucosal immunity was stimulated when M2e-based vaccines were administered intranasally (Chowdhury et al., 2014; Wang et al., 2013; Zhang et al., 2009) . It should be noted that mucosal IgA antibody in the upper respiratory tract plays a major role in preventing the initial viral infection, whereas the IgG antibody can offer further protection against infection of lungs (Clements et al., 1986; Renegar et al., 2004 .
Together, these results demonstrate that the anti-M2e antibodies stimulated by AuNP-M2e þ sCpG can bind to the homotetrameric form of M2 from different influenza A subtypes. As expected, we were also able to demonstrate that B cells in the lungs of mice that had previously been intranasally vaccinated with AuNP-M2e þ sCpG exhibited immunological memory to AuNP-M2e re-challenge in vitro, as visualized by the upregulation of the potent costimulatory molecule CD86 on the surface of 10% of lung B cells. Interestingly, while B cells in the lung expanded upon inhalation of the vaccine containing the cognate antigen M2e (without the adjuvant), the B cells in the bone marrow, the site where B cells develop, and in the spleen, an organ rich in B cells that filters blood borne pathogens, did not, suggesting that intranasal vaccination with AuNP-M2e þ sCpG elicits influenza A M2e-specific humoral immunity specifically in the lungs, which could be beneficial because lungs are a potential site for future influenza virus encounter.
Vaccination of mice with AuNP-M2e þ sCpG not only induced strong humoral responses but also enhanced cellular responses. Significantly higher level of IL-2 and TNFa were detected in response to stimulation with M2e peptide in vaccinated mice compared to naïve mice. This result is consistent with a study by Wang et al. (2008) who used an M2e vaccine incorporating flagellin, a TLR-5 agonist as an adjuvant, and other studies that have used CpG-ODN as an adjuvant (Decker et al., 2000; Knuschke et al., 2013) . It is known that IL-2 plays a central role in activation of T cells and Natural Killer cells while TNFa is produced by activation of macrophages and is effective in defense against intracellular pathogens (Elkon et al., 1997; Granucci et al., 2004; Lan et al., 2008) . Although, the IgG1 to IgG2a ratio of 1.2 suggests a Th2 response, higher levels of IL-2 also indicate a Th1 response. Furthermore, the induction of chemokine RANTES in spleen is reported to be very important for allowing immune cells to migrate towards the sites of infection (Kaufmann et al., 2001) . A high amount of IL-17 was observed in both spleen and bone marrow. IL-17 is known to help recruit neutrophils (Miyamoto et al., 2003) , which could enhance protection through phagocytosis. Indeed, IL-17 has been detected in the lungs of mice after influenza infection. It was observed that depletion of IL-17 with anti-IL-17 antibody led to higher mortality from influenza A infection (Hamada et al., 2009) . We also observed an increase in IL-1a after in vitro splenocyte restimulation. IL-1a is a pro-inflammatory cytokine, which is released from necrotizing cells. IL-1a helps to recruit neutrophils (Rider et al., 2011) and it has been shown to help clear influenza infection (Schmitz et al., 2005) . Altogether, a combination of enhanced M2e specific IgG and IgA antibody titers and an increased production of cytokine levels coincided with protection against lethal challenge with influenza experiments it will be important to assess the ability of serum from vaccinated mice to cross react with M2e peptides from other influenza subtypes that are considerably more different in amino acid sequence than the M2e peptide used as the vaccine. It will also be important to test the AuNP-M2e þ sCpG formulation against other influenza A subtypes, in mice, and in other animal models including ferrets. An important aspect of our vaccine formulation is that it is completely synthetic and easily scalable for mass production. AuNPs, M2e-peptide, and CpG can be readily synthesized in large quantities using chemistry-based processes, and the vaccine can then be prepared by simply mixing the different components. Furthermore, because the formulation is delivered as intranasal drops, it is also painless, needle-free, and has potential for selfadministration. In conclusion, the data presented here supports further evaluation of AuNP-M2e þ sCpG as a candidate universal influenza A vaccine.
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